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Summary As part of our programme for developing predictive tests for nornal tissue response to radiotherapy, we have investigated the
efficacy of the cytokinesis-block micronucleus (MN) assay as a means of detecting interindiidual differences in cellular radiosensifivity. A
study was made of nine fibroblast strains established from vaginal biopsies of pretreatrnent cervical cancer patients and an ataxia
telangiectasia (A-T) cell strain. Cells were irradiated in plateau phase, replated and treated with cytochalasin B 24 h later. MN formation was
examined 72 h after irradiation as the number of MN in 100 binucleate cells. The method yielded low spontaneous MN yields (<7 per 100
cells), and mean induced MN frequencies after 3.5 Gy varied between cell strains from 18 to 144 per 100 cells. However, in repeat
experiments, considerable intrastrain variability was observed (CV = 32%/6), with up to twofold differences in MN yields, although this was less
than interstrain variability (CV = 62%). An analysis was made of the relatinship between MN results and previously obtained clonogenic
survival data. There was a significant correlation between MN yields and ckonogenic survival. However, when the A-T strain was excluded
from the analysis, the correlation lost significance, mainly because of one slow-growing strain which was the most sensitive to cell killing but
had almost the lowest MN frequency. With current mehodology, the MN assay on human fibroblasts does not appear to have a role in
predictive testing of normal tissue radiosensitivity.
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Radiation has been used for almost a century as one of the most
important and effective methods of cancer control, but its use
requires a careful balance between therapeutic and unwanted
effects. In practice. radiotherapists can expect most of their
patients to show some normal tissue reaction. and treatment has
evolved so that up to 5% exhibit severe responses (e.g. Hunter et
al. 1986). Although there are numerous factors involved in the
development of radiotherapy side-effects. which include clinical
(e.g. age. previous surgery). physical (e.g. dose. fractionation
regimen) and cellular parameters. there is evidence that cellular
effects dominate interpatient differences in complications (Russell
et al. 1994). As it is the highly radiosensitive cases that limit the
total dose given in radiotherapy. there is interest in the possibility
of measuring the cellular radiosensitivity of patients to predict
those likely to develop complications (West. 1995).
There have now been several reports of a correlation between
fibroblast in vitro radiosensitivity. as measured by clonogenic assay.
and thedevelopment oflate complications (Brock et al. 1995: Bumet
et al. 1996: Johansen et al. 1996). These assays are. however. too
labonrous to use as routine clinical tests. and so more rapid and easier
methods are required. One possibility is to use radiation-induced
chromosome damage as an end point Chromosome assays have
been very successful in demonstrating a link between cellular
radiosensitivity and cancer predisposition. This has been shown in
cancer-prone syndromes (reviewed in Scott et al. 1998). breast
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cancer patients (Scott et al. 1994: Parshad et al. 1996) and healthy
control subjects (Knight et al. 1993). In contrast. there is little infor-
mation on the relationship between radiation-induced chromosome
damagge and the development of late complications after radio-
therapy. As it has been suggested that assays of normal cell radio-
sensitivity should be tailored to the normal tissue atnrsk. in particular
fibroblasts for fibrosis (Johansan et al. 1996). there is interest in
studies evaluating chromosome damage end points in fibroblasts.
Fenech and Morley (1985) developed the cytokinesis-block
micronucleus (MN) method as a more precise measure ofchromo-
some damage than the conventional MN assay. It has been useful
when the extent rather than the type ofaberration is studied, mostly
as an indication ofgenotoxicity (Fenech. 1993). It is a sensitive indi-
cator of in vivo radiation exposure. showing a clear dose effect
(Odagiri et al. 1994). Interest in the MN assay formeasuring cellular
radiosensitivity stems from the work of Revell and co-workers that
showed a close relationship between clonogenicity and MN forma-
tion after the irradiation ofhamster cells (Grote et al. 1981).
To date. there have been few published studies examining
human fibroblast radiosensitivity using a MN assay. Arlett and
Priestley (1985) used MN formation to demonstrate defective
repair of potentially clastogenic lesions. induced by radiation in
fibroblasts derived from an individual with ataxia telangiectasia
(A-T). in comparison with cells from a normal donor. In the latter
study. A-T heterozygotes were also shown to be repair defective.
Geard and Chen (1990) studied MN formation following high- and
low-dose rate irradiation of fibroblasts and showed a dose rate
dependence of radiation-induced MN. Neither of these studies
utilized cytochalasin B for the identification ofpost-mitotic cells.
In order to evaluate the relative merits of different tests for
detecting interindividual differences in cellular radiosensitivity.
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Table 1 Summary of MN data
Cell strain MN per 100 cells BNC (%)
Spon kiduced 0 Gy 3.5 Gy
(O Gy) (3.5 Gy)
AT1 4 91 30 4
3 181 48 10
3 160 39 39
SV269 3 58 23 11
4 71 16 10
4 55 21 10
SV282 0 66 47 13
3 65 61 23
5 98 21 11
SV337 0 17 26 9
3 14 15 30
5 22 - -
SV350 7 23 10 8
7 43 10 8
SV351 3 65 47 11
5 66 15 6
1 92 30 8
SV357 6 62 16 12
2 112 66 29
3 72 75 21
SV368 1 56 43 5
0 48 51 15
1 71 40 17
4 68 21 5
SV371 1 60 38 5
0 87 44 17
2 66 39 9
3 139 40 11
SV372 5 71 30 12
4 42 32 8
4 79 28 20
MN yields are the means of sconng 100 BNCs on each of two replicate
slides. The induced MN frequency is the background score (0 Gy) subtraded
from the irradiated (3.5 Gy) sample score.
we have established nine fibroblast strains from vaginal biopsies
ofpretreatment cervical carcinoma patients. An investigation was
made, therefore, of radiation-induced MN frequency in these
untransformed fibroblast strains. The results are compared with
those previously obtained with clonogenic assays.
MATERIALS AND METHODS
Cell strains
Nine diploid fibroblast cell strains were denrved from vaginal
biopsies of pretreatment cervical cancer patients with full
informed consent (Kiltie et al, 1997). Also included was an ataxia
telangiectasia (A-T) cell strain (ATI). All strains (passage 7-22)
were maintained as monolayer cultures in minimum essential
medium (MEM; Gibco. Paisley, UK) plus 15% fetal calf serum
(FCS, US origin, Biowhittaker UK). Medium was supplemented
with 100 IU ml-' penicillin. 0.1 mg ml-' streptomycin and 1%
glutamine (all from Gibco). Seven days before use, 3x105 cells
were seeded onto 25-cm2 flasks (Falcon) and incubated at 37°C in
a humidified 5% carbon dioxide atmosphere. They were harvested
in plateau phase by addition of 0.02% EDTA (BDH. Poole. UK)
followed by 10 min incubation at 37°C in 0.01% trypsin
(Worthington Diagnostics. Freehold. NJ. USA).
Micronucleus assay
Harvested cells were either irradiated at room temperature with a
'37Cs y-ray source at a dose rate of3.2 Gy min-' orleft unirradiated
as a control to determine background MN levels. To produce
dose-response curves for each cell strain. the cell suspensions
were divided and exposed to 0. 2. 3.5. 5 and 6 Gy. Forexperiments
assessing repair ofpotentially clastogenic lesions. cells were irra-
diated and then trypsinized. either immediately or after 24 h incu-
bation at 37C. As an investigation of a possible trypsin effect.
some of the same cells were irradiated post-trypsinization within
the same experiment.
Fresh medium (1 ml) plus 1 ml of cell suspension (at 2 x 105
cells ml-') was added to each code-labelled flaskette chamber
(Nunc). Duplicates were made of all flasks in which cell numbers
were sufficient. The cytochalasin B (Sigma. Poole. UK) was added
24 h after irradiation to the chambers to give a final concentration
of 2 gg ml-'. Two studies have shown that MN yields in plateau-
phase irradiated fibroblasts reach a maximum 3 days after irradia-
tion (Arlett and Priestley. 1985; Geard and Chen. 1990). Our cells
were. therefore. harvested at this time (48 h after the addition of
cytochalasin B). Cells were then washed twice in phosphate-
buffered saline (PBS). fixed in 90% methanol, stained with 10%
Giemsa (BDH) in pH 6.8 buffer, air dried and mounted. Two to
four experiments were carried out and one dose-response curve
was obtained for each cell strain.
Scoring micronuclei
All scoring was carried out by the same investigator essentially
according to the criteria of Countyman and Heddle (1976). The
slides were scored blind and at random using alight microscope at
x160 magnification. Micronuclei were scored only in binucleate
cells (BNCs) and a total of 200 BNCs were counted for each
sample. The frequency ofBNCs on the slide was also scored from
a total of 100 cells.
Presentation of dat and statistical analysis
The dose-response curves for all cell strains were analysed using
linear regression. Unless stated otherwise, all error bars represent
standard deviations of the mean. Comparison of inter- and
intrastrain variability was carried out using ANOVA. Statistical
analyses of correlations between variables were carried out using
Pearson's correlation coefficient. A significance level of0.05 was
used throughout.
RESULTS
Studies at 3.5 Gy
The frequencies of BNCs and MN in control and irradiated cells
are given in Table 1. Spontaneous MN yields in the vaginal strains
averaged 3% (range 0-7%) and were similar in the A-T strain
(3%). Spontaneous yields were substracted from those in irradi-
ated cells to give the induced MN frequency in Table 1. A striking
feature ofthe induced MN frequencies was the difference between
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Tabe 2 A summary of the data for fibroblast radiosenstivity measured using donogenic and micronucleus assays
Cell strain Cbonogenic survivaP Induced MNb
SF2 a (Gr1) Dbar (Gy) 3.5 Gy 0-5 Gy
AT1 0.028 ± 0.002 1.19 ± 0.50 0.71 144± 47 45 - 2
SV269 0.207 ± 0.010 0.524 ± 0.065 1.62 61 +9 18 3
SV282 0.175 ± 0.013 0.835 ± 0.052 1.20 76 19 26 3
SV337 0.322+0.018 0.298±0.071 1.80 18±4 3-0.3
SV350 0.147+0.009 0.960±0.058 1.13 33-14 11-1
SV351 0.186 ± 0.013 0.712± 0.061 1.25 74 15 16- 7
SV357 0.183 ± 0.010 0.750± 0.041 1.32 82 26 18- 2
SV368 0.179 ± 0.013 0.827 ± 0.076 1.14 61 -11 19 3
SV371 0.206 ± 0.014 0.745 ± 0.046 1.26 88 36 23 3
SV372 0.285 _0.020 0.635±0.044 1.42 64 _19 23- 1
aFrom Kiltie et a] (1997). "Values are means and standard errors of two or three independent experiments except for induced MN after 3.5 Gy. which is the mean
and standard deviation of 2-4 experiments. and induced MN after 0-5 Gy in which the linear regression slope with standard error is from a single experiment.
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results from repeat experiments. which reached tx-ofold for some
cell strains (e.g. SV371. SV357. ATI) giving a high overall coeffi-
cient ofvariation (CV) of32%c. although this was significantly less
(P = 0.009) than interstrain variability (CV=62%). Mean induced
MN frequencies varied between vaginal strains from 18% to 88%
(Table 2). Using Duncan's multiple range test. the ATI strain was
significantly more sensitive than the vaginal strains. There was no
correlation between cell strain passage number and induced MN
frequencies (data not shown).
The mean frequency of BNCs in unirradiated vaginal cells was
32% ±9% with a range of 10-75% (Table 1). For some cell
strains. there were considerable differences between repeat expeni-
ments (e.g. 16-75%7 for SV357). presumably reflecting differences
in growth rate between experiments. BNC frequencies in unirradi-
ated ATl cells (39%7 ±9%7r) were similar to the mean ofthe Xaginal
strains. In almost all experiments. irradiation reduced the
frequency ofBNCs. The average reduction for vaginal strains was
53%7. but this varied from 0%s to 88% and was sometimes variable
even within repeat experiments on the same strain (e.g. 29-75c
for SV372). The reduction in BNC frequencies after irradiation
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Figure 2 The repair of potentia,ly clastogenic effects in SV368 and SV371
fibroblasts. Cells were irradiated before trypsinization either 0 h (-) or 24 h
(U) after irradiation. Also shown are data for cells irradiated post
trypsinization (open triangles). Data points are the frequency of MN scored
per 100 BNCs
will be a consequence of mitotic delay and permanent G1 arrest
(Williams et al. 1997). There was a positive correlation between
frequencies ofBNC and MN for the vaginal strains after 3.5 Gy. of
borderline significance (r = 0.38. P = 0.057).
Micronucleus dose-response and delayed replating
For most cell strains. there was an approximatelv linear increase in
MN with increasing dose up to 5 Gy (Figure 1). Thereafter. five
strains showed a small drop in MN frequencx between 5 and 6 Gs
and so linearregression values wxere derived from0 to 5 Gy (Table2).
The slopes of the most resistant and most sensitive cell strains
(including, ATi) differed bv a factor of 15. with a ninefold difference
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Table 3 Correlation coefficients for the relationship between radiation-
induced MN frequency (3.5 Gy) with donogenic survival parameters
Clonogenic survival
SF2 a (Gy1) Dbar (Gy)
All strains -0.755' 0.692'* -0.745'
Vaginal strains -0.421 -0.400 -0.469
Vaginal strains -0.782" 0.836' -0.777*
(omitting SV350)
P < 0.01: 'P < 0.05.
A
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a
z Table 4 Correlation coefficients for the relationship between radiation-
induced MN frequency (0-5 Gy slope) with cdonogenic survival parameters
Clonogenic survival
SF2 a (Gy-1) Dbar (Gy)
All strains -0.746" 0.754' -0.793'
Vaginal strains -0.390 0.530 -0.570
Vaginal strains -0.644 0.872' -0.802"
(omitting SV350)
'P < 0.01: ''P < 0.05.
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betmeen the Xauimal strains. The mean of the slopes for the a-aginal
and the ATI cefl strains differed by a factor of 2.5. For the txo
vaginal cell strains tested. there A-as a significant reduction inN
frequencies ifreplating occurred at 24 h after irradiation rather than
at 0 h (Figure 2. There Awas no difference in MN xields in ceHs irra-
diated before or after trypsinization and replated at 0 h (Figure 2.
SV368).
Relationship between MN frequencies and clonogenic
survival
Clonogenic assay results hax-e been reported elsewhere (Kiltie et al.
1997) and are summanzed in Table 2. For all cell strains (including
AT1). there is a significant correlation betx-een induced MN
frequencies at 3.5 Gy and cell killing (Table 3). Howexer. ifATl is
excluded, there is a serious discrepancy betx-een the clonogenicitx-
and MN data. in that the most radiosensitixe xaginal strain in the
former assay (SV350) is almost the most resistant in the latter(Table
3 and Fiaure 3.) Growth rate measurements showed that SV350 was
the slowest growing strain and this A-as manifested as the low-est
frequency ofBNCs ofall the ten strains (Table 1). It A-as this feature
of SV350 that resulted in onlx tx o successful experiments.
compared x-ith three or four for the other cell strains. It is necessary
to exclude this strain in order to obtain a significant correlation
between MN lexvels and cell death. The significance of this correla-
tion isheaxily dependent on one cell strain (SV337) A-ith the highest
sunrixal and lowest MN yields (Table 3). All these calculations of
correlation coefficients A-ere repeated usin- the induced MN slope
(Table 2) with results similar to those obtained at 3.5 Gy (Table 4).
DISCUSSION
The use ofcxtochalasin B to identifx cells thathax-e undergone cell
division between irradiation and sampling has dramatically
improxed the accuracy of quantification of radiation-induced MN
SF2
Figure 3 Relationship between MN frequency and clonogenic
radiosensitivity mneasured as surviving fraction at 2 Gy (SF2) for the nine
vaginal (A) and all ten (B) fibroblast strains
(French. 1997). The technique has been used extensixely wxith
lymphocytes (Fenech. 1993) and tumour cells (Bush and
McMillan. 1993: Courdi et al. 1995). but there appear to be no
published data on its use w-ith human fibroblasts. Studies on radia-
tion induction of MN in fibroblasts. without the use of cytocha-
lasin B. haxe been reported by Arlett and Priestley (1985). Scott
and Heighxxav (1986) and Geard and Chen (1990). In the last
study. MN yields x-ere compared w-ith clonogenicity and no clear-
cut relationship was established. In all these studies. the peak or
plateau lexvel of MN was at 3 days after irradiation of cells
followed by immediate replating. hence our choice of a 3-day
sampling time.
In spite of the use of a standardized protocol. we found poor
intrastrain reproducibilitv of results. In considering the total data
set for xvaginal strains. there xwas a w-eak positixve relationship
betueen MN yields and BNC frequencies in irradiated cells (r =
0.38. P = 0.06). suggesting that cellular growth rate may influence
MN frequencies. However. other factors must play a part in
producing the intrastrain variability because. for some strains. large
differences in MN vields w%ere not accompanied by corresponding
differences in BNC frequencies (e.g. SV371. SV282 and ATl).
In addition to the aboxve problem. our results indicate that the
MN assay is an unsuitable surrogate for clonogenicitv because of
the lack of correlation between these end points with the xaginal
strains. The anomalous result with strain SV350 may be due to its
slow growth rate. Howexver. there are other possible explanations
for differences in MN frequencies between strains. For example.
strains may haxe the same xields of chromosome fragments at
metaphase. but manifest different MN frequencies because of
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differences in the probability of exclusion of fragments from
daughter nuclei at karyokinesis (Savage. 1988).
We have confirmed the observations of Arlett and Priestley
(1985) and Geard and Chen (1990) of a significant reduction in
MN yield after delayed replating of irradiated cefls. consistent
with repair of potentially clastogenic lesions. Arlett and Priestley
(1985) reported less repair in fibroblasts from A-T homozygotes
and heterozygotes. The use of delayed replating may help to
improve discrimination between the sensitivity of strains from
normal individuals. but the problem of intrastrain variability
remains.
The results of this study have shown that there is a relationship
between MN and clonogenic measurements of radiosensitivity in
untransformed fibroblasts. but only when an A-T strain is included
in the analyses. In view of the lack of correlation in fibroblasts
from preradiotherapy patients and the high level of interexpen-
mental variability. the current MN assay on human fibroblasts
does not appear to have a role in predictive testing ofnormal tissue
radiosensitivity.
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